Abstract: TS-1 and Fe-MFI systems have been chosen as cases studies for describing the behavior of single-site catalysts. We will report a concise review of the firmly established knowledge and of the open problems concerning the structure and the reactivity of Ti and Fe sites in TS-1 and Fe-MFI in partial oxidation catalysts. Some new experimental and theoretical results will also be described.
Introduction
In recent years, two interesting classes single site catalysts active in partial oxidation reactions have attracted particular interest in the scientific community i.e: i) the TS-1 [1] [2] [3] [4] [5] [6] [7] [8] and ii) the Fe-Silicalite and Fe-ZSM-5 [9] [10] [11] on the other side have proved their utility and selectivity in several partial oxidation reactions using hydrogen peroxide and N 2 O as oxidants.
As far TS-1 catalyst is concerned, the most relevant oxidation reactions catalyzed by TS-1 are summarized in Figure 1 . Note that some of these reactions form the basis of industrial processes. As far Fe-silicalite and Fe-ZSM-5 are concerned, beside the oxidation of methane, they are active catalysts in the oxidation of benzene to phenol. Figure 2 reports the possible future role of Fe-MFI catalysts in the adipic acid process [11] . The outstanding properties of these heterogeneous catalysts in term of: i) yield and selectivity; ii) presence of homogeneous counterparts [12, 13] and iii) similarity of some of them (the Fe-based ones) with enzymatic catalysts [14, 15] has stimulated a great deal of investigations concerning the structure, valence, coordination state, nuclearity of the catalytic sites and the reaction mechanisms. In this work we will first give a brief overview on the spectroscopic (XANES, UV-Vis, IR, Raman) features of tetrahedral [TiO 4 ] units inserted in the MFI framework, than we will report on recent highlights concerning resonant Raman spectroscopy and neutron diffraction studies on TS-1. Quantum chemical calculations allow to unambiguously assign the IR, Raman and Resonant Raman features of TS-1, while comparison with a parallel neutron diffraction study on Ti-free silicalite allow to infer the insertion mechanism of Ti into the MFI lattice during synthesis. As far as Fe-silicalite is concerned, we will present a new EXAFS/XANES study on the modification of the local environment and of the oxidation state of iron species upon migration from framework into extraframework positions and subsequent oxidation with N 2 O.
Experimental
TS-1 sample (Si/Ti = 50) has been synthesized in EniChem laboratories following a procedure described in the original patent [1] Fe-silicalite (Si/Fe = 90) has been synthesized at the Department of physical-and electro-chemistry of the university of Milano following the hydrothermal method described by Ratnasamy and Kumar [16] . The structural and catalytic peculiarities of TS-1 synthesized by EniChem are well known, while those of Fe-silicalite catalyst have been deeply investigated in two previous papers [17, 18] by the Forni's group.
The TS-1 case study
TS-1 catalyst was proposed in the early eighty [1] and since then many attempts have been made in order to understand the role of titanium centers in the catalytic process. In the eighties and in the begin of the nineties a lively debate has been observed in the literature about the structural nature of the Ti centers in TS-1: titanyl groups, extraframework defect sites, monomeric and dimeric Ti species, Ti species incorporated in edge sharing type structures forming bridges across the zeolite channels, have been inferred by different authors; the same holds for the local geometries, where Ti species having local coordinations like tetrahedral, square pyramidal, and octahedral have been hypothesized.
The origin of the initial confusion was probably related with the difficulty encountered in the synthesis of well manufactured TS-1's, which requires the use of extremely pure reagents and severe control in the synthesis conditions [1] . An imperfect synthesis implies an incomplete incorporation of Ti into the MFI framework, leading to a significant reduction of the catalytic performances and possibly to a misinterpretation of structural and spectroscopic data. Moreover, the fact that only a very small amount of Ti (less than 3 wt. % in TiO 2 , corresponding to a molar ratio of x = [Ti]/([Ti]+[Si]) = 0.025 [19] ) can be substitutionally incorporated into the MFI framework [20] does not facilitate the extraction and the attribution of the Ti contribution from the total experimental signal. Note that the x = 0.025 limit has been recently slightly improved [21, 22] .
Nowadays there is a general consensus that the Ti(IV) atoms are incorporated as isolated centers into the framework and are substituting Si atoms in the tetrahedral positions, as schematized in Figure 3a . The model of isomorphous substitution has been put forward on the basis of several independent characterization techniques, namely X-rays [19, 23, 24] or neutron [21, 25, 26] diffraction studies, IR (Raman) [22, [27] [28] [29] [30] [31] [32] , UV-Vis [30, 33, 34] , EXAFS and XANES [21, [34] [35] [36] [37] [38] [39] [40] 
spectroscopies. Points i)-vii)
will be devoted to a brief discussion of each technique.
i) XANES spectroscopy shows that a narrow and intense pre-edge peak at 4967 eV due to the 1s → 3d electronic transition involving Ti atoms in tetrahedral coordination is present in well manufactured TS-1 (Figure 3b) . Conversely, the 1s → 3d electronic transition of Ti(IV) species in TiO 2 (anatase or rutile) is characterized by a very low intensity. Indeed the transitions A 1g → T 2g are symmetrically forbidden in the case of octahedral coordination of Ti (IV), but the transition A 1 → T 2 is allowed in the case of tetrahedral coordination of Ti (IV), as in the case of [TiO 4 ] units [22, [34] [35] [36] 38, 40] .
ii) The UV-vis spectra of TS-1 in vacuo gives a simple and clear proof of the presence of tetrahedral Ti(IV) in the zeolite framework [22, 30, [32] [33] [34] : in fact a Ti iii) the IR spectra of TS-1 in the framework stretching region shows an absorption band located at 960 cm -1 (red curve in Figure 3d ), virtually absent in perfect silicalite (blue curve in Figure 3d ) and immediately identified as a fingerprint of TS-1 [22, [27] [28] [29] [30] [31] . A qualitative correlation between the intensity of the infrared band at 960 cm -1 and titanium content has been observed since the first synthesis of TS-1. Indeed, the occurrence of that band is one of the distinctive features of the material cited in the original patent [1] . However, the quantitative correlation has been reported only very recently [22] . In the same work the nature of the 960 cm -1 band has been discussed in terms of both cluster and periodical approaches.
iv) In the early nineties Raman spectroscopy has been applied to the characterization of TS-1 catalyst [29, 31] . In such experiments, beside the 960 cm -1 band, already observed by IR spectroscopy (see point iii), a new component at 1125 cm -1 has been detected. Also the 1125 cm -1 band was recognized to be a fingerprint of the insertion of Ti atoms in the zeolitic framework [29, 31] . feature and the invariance of the 960 cm -1 feature in UV-Raman experiments, must be discussed in terms of resonant Raman selection rules [22] . Quantum chemical calculations on cluster models the broader IR absorption observed around 975 cm -1 in defective silicalites (i.e. silicalites hosting internal hydroxylated nests caused by Si vacancies). The latter component can be appreciated in the blue spectra reported in parts e) and f) of Figure 3 and have been extensively debated in refs. [22, [41] [42] [43] .
vi) diffraction data show that the unit cell volume of silicalite increases linearly with Ti content when Ti(IV) atoms are inserted in the framework [19, 23] . Very recently, diffraction methods have been employed to try to discuss the problem of Ti partitioning among the 12 crystallographically unequivalent T sites [21, [23] [24] [25] [26] . The aim of such studies was to determine if Ti atoms are equally shared among the 12 T sites, or if one ore more preferential substitution sites are present. Such studies are very critical and even the use of the intense X-ray flux emitted by synchrotron has not permitted the unambiguous detection of preferential substitution sites by XRD methods [21] and only an ad hoc measurements [24] , performed at 170 K, gave a very week evidence that Ti has a preferential tendency to occupy sites T10 and T11. Very recently, a neutron diffraction study [21] indicates that the most populated sites are T6, T7, T11, with a weaker evidence for T10. Such sites are represented in Figure 4 . In a previous neutron diffraction study [44] we showed that Si vacancies in defective silicalites do not occur randomly but they are preferentially hosted in the same Si(6), Si(7), Si(11), and Si (10) sites. This striking coincidence allows to speculate that the incorporation mechanism of the Ti atoms in the MFI framework occurs via the insertion of titanium in defective sites of silicalite. This hypothesis agrees with the well known mineralizing effect that titanium has on the MFI framework and it is supported by several independent spectroscopic data on both TS-1 and defective silicalite [21, 40] . It has also been shown that the catalytic activity of Ti site, in several partial oxidation reaction, is related to the fraction of tetrahedral Ti atoms incorporated in TS-1 [8, 45] . Moreover, theoretical studies have shown that the isomorphous insertion of Ti atoms in the MFI lattice is energetically favored [46] [47] [48] [49] [50] [51] [52] . 
The Fe-MFI case study
Insertion of Fe 3+ heteroatoms inside the MFI lattice yields to Fe-silicalite. However, the stability of Fe species in the zeolitic framework is much lower than that of Ti. As a consequence, template burning results in the progressive dislodgment of Fe 3+ species from framework into extraframework positions [53, 54] . Such migration is far from being a simple and completely understood process. In fact, many factors can influence the final structure and distribution of the potentially active species. Figure 6 has been conceived to illustrate the remarkable variety of Fe species that can be generated in such a process. Figure 6 is a pictorial illustration of a pictorial and certainly oversimplified view of the iron dislodgment and migration pathway. The upper part of Figure 6 reflects the initial situation, where Fe and form strained SiOSi bridges. It is conceivable that the strained SiOSi bridges formed in the severe temperature treatments can undergo a substantial annealing process [43] . This migration step is based on the reasonable hypothesis that the dislodgment and migration of Fe 3+ from tetrahedral positions can be favored and brought to completion also by the simultaneous occurrence of red-ox reactions leading to ferrous FeO and/or Fe(OH) 2 species. The redox reactions can be due either to spontaneous loss of oxygen at high temperature or to the presence of hydrocarbons and other carbonaceous impurities [58, 59] or to both. In samples characterized by a low concentration of iron species, hydrocarbon impurities can play an important role in determining the final oxidation state of the dislodged species.
Moreover, the nascent extraframework species can travel along the channels and react with SiOH and strained SiOSi groups or with residual Brønsted Fe(OH)Si sites, resulting in isolated or dimeric grafted species respectively. All species in the presence of traces of water can be mobile so that isolated and dimeric grafted species can be in dynamical equilibrium. It is worth noticing that Fe 2+ and Fe 3+ ions grafted with two and three framework oxygens respectively are very similar to the partially extraframework species obtained in the first stages of the thermal treatments. As a consequence, a dynamical equilibrium between totally and partially extraframework species should be considered. Notice that in all the structures generated following reactions depicted in Figure 6 the iron centers are chemically linked to 2 or 3 groups: framework SiO -groups and/or O 2-bridging adjacent iron centers. To prove the heterogeneity of extraframework Fe species we will report EXAFS experiments, while the reductive dislodgment from framework sites will be witnessed by XANES spectroscopy. The remarkable success of EXAFS in the characterization of TS-1 catalyst (see refs. [22, [34] [35] [36] 37, 40] and vide supra section 3) was mainly related to the fact that Ti active sites in TS-1 are framework species characterized by an homogeneous local environment, which behaves in the same way for all sites upon interactions with reactants. This implies that all Ti sites gives rise to the same contribution which thus adds constructively to the overall EXAFS signal. We will see that Fe-silicalite behaves in a different way. The intensity of the 1s → 3d pre-edge peak (Figure 8c ) is even higher than that of FePO 4 model compound (not reported for brevity) indicating that the local symmetry of Fe 3+ is closer to the ideal tetrahedral than that exhibited in FePO 4 . In fact EXAFS told us that in this case we are dealing with 4 equivalent Fe-O bonds at 1.86 Å. The thermal treatment results in a consistent reduction of the 1s → 3d peak intensity, demonstrating the evident migration of iron species from the framework tetrahedral positions. In this regard, Figure 8c shows the appearance of a low energy shoulder in the 1s → 3d feature, which intensity progressively increases with increasing activation temperature. 
Conclusions
In this work we have shown how the use of an UV laser (λ = 244 nm) as exciting source of Raman spectra enhances the 1125 cm 
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